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Abstract 
Herein, we report the high density growth of lead seeded germanium nanowires (NWs) and 
their development into branched nanowire networks suitable for application as lithium ion 
battery anodes. The synthesis of the nanowires from lead seeds occurs simultaneously in both 
the liquid zone (SLS growth) and solvent rich vapor zone (VLS growth) of a high boiling 
point solvent growth system. The reaction is sufficiently versatile to allow for the growth of 
nanowires directly from either an evaporated catalyst layer or from pre-defined nanoparticle 
seeds and can be extended to allowing extensive branched nanowire formation in a secondary 
reaction where these seeds are coated onto existing wires. The NWs are characterised using 
TEM, SEM, XRD and DF-STEM. Electrochemical analysis was carried out on both the 
single crystal Pb-Ge NWs and the branched Pb-Ge NWs to assess their suitability for use as 
anodes in a Li-ion battery. Differential capacity plots show both the germanium wires and the 
lead seeds cycle lithium and contribute to the specific capacity that is approximately 900 
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mAh/g for the single crystal wires, rising to approximately 1100 mAh/g for the branched 
nanowire networks. 
Keywords: germanium, nanowires, branched nanowires, Li-ion anode  
1. Introduction 
Group IV nanomaterials have found a wide range of applications from photovoltaics, to 
semiconductor devices and more recently, as high capacity anodes for lithium ion batteries.
1-4
 
While the theoretical capacity of Ge (1384 mAh/g) nanowires (NWs) is lower than that of Si 
(3579 mAh/g) NWs, they have distinctive properties that are of interest for Li-ion battery 
application, such as their high conductivities (10000 times that of Si) and high rate of lithium 
diffusion (400 times that of Si), making them suitable for lithium batteries that can withstand 
high rate capability.
5
 Chemical vapor deposition (CVD) is one of the most common systems 
used to date for nanowire growth, but recently synthetic approaches using organic solvents 
have gained interest due to the ability to grow a higher density of NWs in processes that have 
lower energy requirements.
6, 7
 The metal catalyst of choice for the growth of semiconductor 
NWs in the past has been Au as it has a low eutectic with Ge and it enables the production of 
good quality NWs. However, it is a very expensive metal and is known to degrade the 
electrical properties of semiconductors as well as leading to irreversible capacity losses when 
used as the anode in Li-ion batteries.
8-10
 This has led to the investigation of different metal 
catalysts as potential replacements for Au. The Type A catalysts including Au
11
 and Ag
12
 are 
classified as such due to their high solubility with Ge. Type B catalysts such as Bi
13
 and Sn
14
 
have a low solubility with Ge while the Type C catalysts, such as Cu
15
 and Ni
16
 are known to 
form germanides. The Type B catalyst Pb is interesting for the growth of group IV NWs as it 
is a cheap and abundant metal, with a melting point of 327.5 °C, allowing for low 
temperature NW growth. As a NW seed, Pb, which is also Li active, may be commercially 
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important as it could act as a transitional material from conventional Pb-acid batteries 
towards more efficient energy storage systems such as NW containing Li-ion batteries. 
However, despite these advantages, little attention has been given to Pb as a catalyst for 
group IV NW synthesis, with just one previous report of the use of bulk Pb as a catalyst for Si 
NW growth
17
, while very recently, Seifner et al. have reported the growth of Pb supported Ge 
NWs using both solid and liquid Pb seeds.
18
 Recently, we have developed a low cost system 
for the reliable growth of high density Si, Ge and multi-segment Si-Ge heterostructure NWs 
directly from different metal layers, such as, In,
19
 Cu
20
, Ni
21
 and Sn.
22, 23
 These NWs are 
grown through the utilisation of the vapor-liquid-solid (VLS) and the vapor-solid-solid (VSS) 
growth mechanisms depending on the metal-Si/metal-Ge eutectic temperature.
24
 
Here, we present the high density VLS and solution-liquid-solid (SLS) growth of Ge NWs 
from both an evaporated layer of Pb and from discrete Pb nanoparticles (NPs). Notably, these 
Pb seeded Ge NWs are found to grow simultaneously in both the vapor (VLS) and solution 
(SLS) zones of a refluxing high boiling point solvent. The wires grown from the evaporated 
Pb layer on stainless steel are anchored to the substrate allowing them to be used as binder 
free electrodes for lithium ion batteries. We show that these substrate bound wires can act as 
templates for the deposition of further Pb NPs that, in a secondary reaction, result in 
branching, leading to an increase in the density of the nanowire networks. Our observations 
show that both the Ge and Pb cycle lithium, with capacities of over 1000 mAh/g achievable. 
 
2. Methods 
2.1 Evaporated Substrate Preparation. Pb substrates were prepared by evaporating 
99.999% Pb, (Kurt J. Lesker) in a glovebox based evaporation unit, onto a stainless steel 
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substrate. The nominal Pb film thickness investigated was 10nm. The substrates were stored 
in an Ar glovebox prior to reactions and contact with O2 was kept to a minimum.  
2.2 NP Substrate Preparation. Lead (IV) acetate, poly(vinyl pyrrolidone) (PVP 
(Mw~55,000) and sodium borohydride (NaBH4) were purchased from Aldrich. In a three-
neck flask connected with Argon, a mixture of 2.05g of PVP and 25 mg of NaBH4 in 8mL of 
distilled water was introduced. This mixture was stirred for 5 minutes and 180 mg of 
Pb(CH3CO2)4 in 2mL of water was injected. Upon addition, solution turned black indicating 
the formation of Pb nanoparticles. This solution was centrifuged at 4000rpm for 10 min 
before being re-immersed in methanol. 
Following the synthesis of the Pb NPs, 0.5 ml of the solution was dropcast onto a stainless 
steel substrate and allowed to dry before being placed into the reaction vessel. 
Note: Pb nanoparticles are only stable for a few hours. For each nanowire synthesis, Pb NPs 
were made fresh and used immediately. 
2.3 Branched Substrate Preparation. The as synthesized Pb-Ge NWs on stainless steel 
substrate grown from the evaporated Pb layer is immersed in 0.1 M ethanedithiol in 
acetonitrile (ACN) for 30 min. The substrate is rinsed in ACN before being placed in a vial of 
ACN for 5 min. The substrate is then immersed in the Pb NP solution for 30 min and rinsed 
with methanol before being placed in the reaction flask where a typical Ge NW reaction is 
performed. 
2.4 Post Synthetic Treatment. After synthesis, the substrates were rinsed with toluene to 
remove excess HBS. No additional cleaning steps were required. 
2.5 Reaction Setup. Reactions were carried out in a custom-made Pyrex round bottomed 
flask containing 7ml of squalane. The growth substrates were placed vertically in the flask, 
Page 4 of 22AUTHOR SUBMITTED MANUSCRIPT - NANO-113087.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pt
d M
an
us
cri
pt
5 
 
which was attached to a Schlenk line setup via a water condenser. This was then ramped to a 
temperature of 125 °C using a three-zone furnace. The line was degassed under vacuum for 
30 min in order to remove moisture from the system. Following this, the system was purged 
with Ar. The flask was then ramped to the reaction temperature under a constant Ar flow. 
Reactions were conducted at 440 °C. A water condenser was used to control the HBS reflux 
and ensure that the reaction was kept under control. At the correct reaction temperature, 
0.25ml of the precursor DPG (Fluorochem) was injected through a septum cap into the 
system. The reaction time given was 20 minutes. To terminate the reaction, the furnace was 
opened and the setup was allowed to cool to room temperature before removing the NW 
coated substrates.  
2.6 Analysis. SEM analysis was performed on a Hitachi SU-70 system operating between 3 
and 20 kV. The Pb/Ge substrates were untreated prior to SEM analysis. For TEM analysis, 
the NWs were removed from the growth substrates through the use of a sonic bath. TEM 
analysis was conducted using a 200 kV JEOL JEM-2100F field emission microscope 
equipped with a Gatan Ultrascan CCD camera and EDAX Genesis EDS detector. 
TEM/STEM/EDX analysis of the NWs was conducted on Cu TEM grids. XRD analysis was 
conducted using a PANalytical X’Pert PRO MRD instrument with a Cu Kα radiation source 
(λ = 1.5418 Å) and an X’celerator detector. 
2.7 Electrochemical Measurements. The electrochemical performance was evaluated by 
assembling two electrode Swagelok type cells in an Ar filled glovebox. The cells consisted of 
Pb seeded Ge NWs or a blank 10 nm evaporated layer of Pb on SS substrates as the working 
electrode, Li foil as the counter and reference electrode, a porous polyethene separator, and 
an electrolyte solution of 1 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC) 
(1:1 v/v) + 3wt% vinylene carbonate (VC). The measurements were carried out 
galvanostatically using a Biologic MPG-2 in the potential range of 0.01−1.5 V versus Li/Li+. 
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The masses of the Pb-Ge and branched Pb-Ge NW anodes were determined through careful 
measurement using a Sartorius Ultra-Microbalance SE2 (repeatability ± 0.25 μg).   
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3. Results and Discussion 
The schematic for the reaction is presented in Figure 1 (a), where a 10 nm Pb layer 
evaporated onto a SS substrate is placed in a round bottomed flask along with the high 
boiling point organic solvent, squalane. The set up allows part of the substrate to be 
immersed in the liquid solution with the remainder located in the vapor zone of the reactor. 
Once the required reaction temperature is reached, the organometallic precursor 
diphenylgermane (DPG) is introduced into the reaction set-up. This precursor thermally 
decomposes in both the vapor and liquid phases of the HBS, through a previously reported 
phenyl-redistribution pathway, to give germane.
11
 This germane in turn breaks down to give 
Ge monomer, which alloys with the Pb seed and upon supersaturation, Ge NW growth 
occurs. Figure 1 (b) shows the post reaction substrate having a distinct purple/brown colour, 
typical of Ge NWs. Pb seeded Ge NW growth occurs in both the vapor and solution phases of 
the squalane, which can be seen in Figure 1 (c) and (d) respectively. High density growth is 
observed over the entire substrate with the NWs growing from spherical Pb seeds 
(Supplementary Information, Figure S1). The NWs grown in the vapor phase have average 
lengths of < 3 μm and a mean diameter of 60 ± 25 nm with the average seed/NW ratio being 
2.05:1. The NWs grown in solution have a much higher aspect ratio with the majority having 
lengths > 20 μm and a mean diameter of 83 ± 32 nm while the average seed/NW ratio for 
these wires is slightly larger than that of the vapor phase wires at 2.19:1. 
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Figure 1: (a) Schematic depicting the synthesis process for the growth of the Ge NWs. (b) 
Post-reaction substrate showing the purple/brown colour typical for Ge NWs. (c) 50° tilted 
SEM image of the NW material produced in the vapor phase of the HBS. (d) SEM image of 
the high aspect ratio NWs grown in the solution phase of the HBS. 
 
The LRTEM image in Figure 2 (a) shows a highly kinked Pb seeded Ge NW grown in the 
vapor phase of squalane having a length of approximately 1.25 μm. The XRD pattern for 
product formed in the vapor phase Figure 2 (b) gives reflections consistent with the (111), 
(220) and (311) peaks for cubic Ge (space group Fd3̅m – JCPDS 00-003-0478) and the (111) 
and (200) peaks for cubic Pb (space group Fm-3m – JCPDS 00-001-0972) (Supplementary 
Information, Figure S2). A DF-STEM image of a typical NW/seed interface can be seen in 
Figure 2 (c) with the resulting EDX line profile in Figure 2 (d) showing a sharp drop in the 
Pb signal coinciding with a sharp increase in the Ge signal at 0.14 μm. The near zero values 
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observed for both Ge in the Pb seed and Pb in the Ge NW are to be expected due to the low 
solubility of Ge in Pb. 
 
Figure 2: VLS grown Pb seeded Ge NWs (a) LRTEM image of the variation in lengths seen 
in vapor grown Ge NWs. (b) XRD pattern obtained for the vapor grown material. (c) DF-
STEM image of the seed/nanowire interface, with the corresponding line profile in (d). 
 
Figure 3 (a) shows a LRTEM image of a straight Pb seeded Ge NW grown in the solution 
phase of squalane, while in Figure 3 (b) a more tortuous NW is observed. The NWs grown 
via the SLS mechanism have a high aspect ratio with the lengths of the NWs in Figure 3 (a) 
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and (b) being 17.5 μm and 21 μm respectively. The XRD pattern for the material grown in 
the solution phase, shown in Figure 3 (c) is similar to that of the material grown in the vapor 
phase. However, this pattern exhibits larger and extra peaks for Ge, namely (400), (331) and 
(422), due to the higher density growth of the Ge NWs in solution. Figure 3 (d) shows the 
DF-STEM for a solution grown NW with the corresponding line profile shown in Figure 3 
(e). Similarly to the line profile observed for the vapor phase NW, the signal for Ge 
dramatically decreases at the same point as the signal for Pb increases.  
 
Figure 3: SLS grown Pb seeded Ge NWs (a) and (b) LRTEM images of long Ge NWs grown 
in the solution phase of the HBS (b) XRD pattern obtained for the solution grown material. 
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(c) DF-STEM image of the seed/nanowire interface, with the corresponding line profile in 
(d).  
Page 11 of 22 AUTHOR SUBMITTED MANUSCRIPT - NANO-113087.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
an
us
cri
pt
12 
 
The synthetic process described for the Ge NWs catalyzed using the evaporated layer of Pb, 
can also be used to grow Ge NWs from Pb NPs. These NPs, which have diameters ranging 
from approximately 15 – 25 nm, are deposited on a SS substrate instead of an evaporated Pb 
layer. Similarly to the evaporated layer, high density growth is observed in both the vapor 
and solution phases of the squalane, which are shown in Figure 4 (a) and (c). The mean 
diameters and lengths of these NWs are comparable to those grown from the evaporated layer 
of Pb, which suggests coalescence of the Pb seeds as the reaction is performed over 100 °C 
above the melting point of bulk Pb. The XRD patterns for the VLS and SLS grown Pb NP 
seeded Ge NWs can be seen in Figure 4 (b) and (d) respectively. While these patterns are 
similar to those obtained for the evaporated Pb-Ge in Figure 2 (b) and 3 (b), extra peaks are 
observed with the use of the NPs, which are indexed for orthorhombic PbO (space group 
Pbma – JCPDS 00-005-0570). A strong, broad peak for PbO (111) is seen for the materials 
grown in both the vapor and solution phases at 29°. Three further smaller peaks at 30.3°, 
32.6° and 37.8°, for the material in solution are also observed and can be indexed for PbO 
(002), (200) and (210) respectively. The presence of this oxide can be explained by the 
oxidation of the NPs in air, before being placed into the round bottomed flask with a 
relatively thick oxide layer surrounding the Pb seeds (Supplementary Information, Figure 
S3). Another key difference noted with the use of the Pb NPs is that some branching occurs 
during NW growth (Supplementary Information, Figure S4). While this branching was only 
observed in a small number of the NWs synthesized, it suggested the possibility of using the 
Pb NPs for more defined, higher density branching of the Ge NWs. 
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Figure 4: VLS and SLS grown Pb NP seeded Ge NWs (a) Low magnification SEM image of 
the Pb NP seeded Ge NWs grown in the vapor phase of the HBS, with the corresponding 
XRD pattern in (b), (c) Low magnification SEM image of the SLS grown Pb NP seeded Ge 
NWs and (d) XRD pattern for the as synthesized solution grown material. 
 
As an extension of the use of the Pb NPs to grow Ge NWs, high density branched Pb-Ge 
NWs were grown from the evaporated Pb seeded Ge NWs. Using ethanedithiol as a 
molecular linker, the NPs were covalently attached to the vapor grown Pb-Ge NWs and the 
synthesis protocol was repeated.
25
 The schematic of the growth process for the branched 
NWs is presented in Figure 5 (a) while a high magnification tilted SEM image of the resultant 
branched NWs is shown in Figure 5 (b). From this SEM image it is clearly evident that the 
branched NWs have much smaller diameters than the original NWs from which they are 
grown. While agglomeration of the Pb NPs was observed when the NPs were deposited 
directly on to the stainless steel substrate, no agglomeration of the Pb NPs is seen when they 
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are deposited on to the original Ge NW layer. This is due to the attachment process which 
causes the NPs to bond to the Ge NWs so that when the reaction is heated up they are 
restricted to their placement on the NW. The resulting branched NWs have a mean diameter 
of 19 ± 6 nm with a seed/NW diameter ratio of 2.09:1, with high density growth observed 
(Supplementary Information, Figure S5a). The seed/NW diameter ratio of these branches is 
close to the seed/NW diameter ratio observed for the original VLS grown Pb-Ge, suggesting 
a clear correlation between the seed diameters and the resultant NW diameters. The LRTEM 
image in Figure 5 (c) shows more clearly the extent of the high density growth of the 
branches on the original NWs. These crystalline Ge NW branches grow along the length of 
the NWs while also wrapping around them (Supplementary Information, Figure S5b). Figure 
5 (d) shows a DF-STEM image of the branched NWs with the corresponding EDX line 
profile overlaid, showing the composition of the seed and NW. 
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Figure 5: Branched Pb seeded Ge NWs (a) Schematic showing the process involved for 
branched NW growth, where the Pb NPs are deposited onto the Pb-Ge NWs and the reaction 
is repeated (b) High magnification SEM image of the nanowire network formed (c) LRTEM 
image showing more clearly the magnitude of the high density growth of the branched NWs 
and (d) DF-STEM image of a single branch with the corresponding EDX line profile 
overlaid.  
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Ge NW anodes which offer dual cycling of both the catalyst seed and the NW material may 
be advantageous as they offer a means of lowering the mass of the inactive material within 
the anode. The electrochemical potential of the Pb-Ge NWs produced in the vapor phase, 
from the evaporated layer of Pb, was investigated to determine their potential for use as the 
anode of a Li-ion battery. Figure 6 (a) shows the differential capacity of the 10
th
 cycles of the 
Pb-Ge NWs and branched Pb-Ge NWs cycled at a rate of C/2, with the corresponding voltage 
profiles. The differential capacity plot for a Pb only electrode is also included so a direct 
comparison can be made in order to determine the lithiation/delithiation peaks for Pb and Ge 
respectively. The Pb sample has two charging peaks, observed at 0.57 V and 0.35 V, while 
two discharge peaks are observed at 0.5 V and 0.65 V, which can be attributed to the 
respective alloying and de-alloying of Li with Pb. These peaks coincide with previous reports 
of Pb cycling with Li.
26, 27
 The Pb-Ge NWs and branched Pb-Ge NWs show similar DCPs 
with the main charging peaks for Ge at 0.17 V and 0.09 V while the main discharge peak is 
observed at 0.52 V. Similarly to the Pb peaks, these Ge peaks are consistent with those 
observed previously for Ge electrodes.
5, 28-30
 The additional peaks are consistent with the 
presence of Pb showing the ability of both the catalyst and the NW materials to reversibly 
alloy with Li as it charges/discharges. 
Extended galvanostatic charge/discharge experiments performed on the Pb-Ge NWs and the 
branched Pb-Ge NWs at a rate of C/2 for 50 cycles, are shown in Figure 6 (b) and (c) 
respectively. The masses of the entire Li-active anode material (NW masses and catalyst 
masses) were taken into account when calculating the capacity figures for the plots shown 
(Supplementary Information, Table S1). The Pb-Ge NW material shows a capacity of 830 
mAh/g after 50 cycles, while the branched Pb-Ge NW material shows a capacity of 1072 
mAh/g after 50 cycles, giving a 242 mAh/g increase over the Pb-Ge NW material due to the 
higher percentage of Ge in the branched material. Both the Pb-Ge NWs and the branched Pb-
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Ge NWs exhibited high Coulombic efficiencies of 97.76% and 97.96%, respectively. Further 
electrochemical analysis including charge/discharge curves, SEM analysis of the anodes after 
cycling and rate performance analysis is provided in the Supplementary Information, Figures 
S6 – S8. 
 
Page 17 of 22 AUTHOR SUBMITTED MANUSCRIPT - NANO-113087.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
an
us
cri
pt
18 
 
Figure 6: Differential capacity plots and plot of charge/discharge capacities and Coulombic 
efficiencies for Pb-Ge NWs and branched Pb-Ge NWs. (a) DCPs for the 10
th
 cycle of Pb 
only(black), Pb-Ge NWs (red) and branched Pb-Ge NWs (blue). Plot of charge/discharge 
capacities and Coulombic efficiencies for Pb-Ge NWs (b) and branched Pb-Ge NWs (c).  
Page 18 of 22AUTHOR SUBMITTED MANUSCRIPT - NANO-113087.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
an
us
cri
pt
19 
 
4. Conclusions 
In conclusion, we have shown the capability for growing Ge NWs directly on a stainless steel 
substrate in both the vapor and solution phases of a high boiling point solvent, using both an 
evaporated Pb layer and Pb NPs as the catalysts. The difference between the material grown 
in the vapor and solution phases of the solvent was highlighted with the vapor-liquid-solid 
grown NWs being typically shorter and more tortuous in comparison to the longer, straighter 
NWs grown by the solution-liquid-solid mechanism. The synthesis process was also 
successfully extended to the growth of high density branched Ge NW networks by carrying 
out a secondary reaction whereby seeds are placed on wires already anchored to a substrate 
and repeating the process. The viability of the NWs as a Li-ion anode material was 
investigated and showed that the Pb-Ge NWs and branched Pb-Ge NWs demonstrated stable 
cycling performances, retaining a capacity of 830 mAh/g and 1072 mAh/g respectively, well 
over twice that of conventional graphitic based Li-ion anodes (372 mAh/g). As lead both 
catalyzes the growth of the wires and also participates in the lithiation/delithiation processes, 
as revealed through the analysis of the differential capacity, it is a net contributor towards the 
battery performance in comparison to common non lithium alloying catalysts such as gold or 
silver. 
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